Abstract
I. . Introduction
Location aware systems and services have been the focus of much interest in recent times, exploiting the proliferation of mobile and handheld computing devices and the increasing functionality that they have come to incorporate at lower prices. Location aware systems and services track and display user location on the handheld device (laptop/palmtop) that he/she carries and permit an entire genre of services to be built atop them. Such systems are extremely beneficial in the context of interesting applications like automatic telephone call forwarding inside buildings, non-human tourist guides in museums and permitting mobile users to print to the nearest available printer.
While GPS [5] has come to be accepted universally as a means to obtaining location information outdoors, the topic of in-building location tracking is still the subject of much research, with a wide spectrum of technologies being experimented upon.
In this paper, we describe our experiences with such a location system, Uhuru 1 , based on Wireless LAN that we have built and deployed within the Duke Computer Science Department. Uhuru utilizes signal strengths from multiple wireless base stations to estimate the user's location within the building. 1 Uhuru in Swahili means freedom. We chose this name to symbolize the freedom from 'getting lost' that Uhuru can help effect.
The rest of this paper is organized as follows: In Section II, we discuss related work in location tracking. Section III describes the innards of the system that we have built, while Section IV has a summary of our results and Section V outlines the heuristic that we have developed for the placement of base stations to improve location tracking. Conclusions and future work are presented in Section VI.
II. . Related Work
Technologies in addition to RF (which we employ) that have found use in location detection include optical systems [11] and [16] , in-building infrared networks [6] and [9] and ultrasonic technology [7] . Unfortunately, all these technologies suffer from significant drawbacks like poor scalability, need for extensive deployment of sensors and/or prohibitive expenditure for deployment and maintenance.
In this context, approaches based on lookup schemes using Wireless LANs have appeared promising. Such systems have the potential to leverage existing data networking functionality with location-aware services. Previous work at Microsoft Research, [1] and [2] , uses a radio frequency based system for locating and tracking users inside buildings. An RF-based approach has also been followed in [3] to provide location information, but with the additional overhead of specialized hardware and infrastructural deployment over and above a wireless data network.
Uhuru differs from previous work in RF based location tracking in the following ways:
¢
We provide proof of concept of using just RF to provide location information on multiple floors of a building (discussed in detail in Section III),
We describe a novel History Monitoring Algorithm that we have devised to improve the accuracy of the location reported,
We outline a simple heuristic regarding the actual placement of base stations within a building. We argue that while there are other systems (eg: [6] and [10] ) that have reported superior location tracking abilities, almost all of the applications that we have envisaged, work fine with the granularity achieved by Uhuru. Uhuru also has the added advantage of not requiring troublesome regionwide deployment of sensors. Additionally, we obtained our results with the wireless base stations in their original non-optimal (as we shall see in Section V) locations. Furthermore, the only additional external hardware required, the wireless base stations, can continue to provide networking functionality as well.
III. . Location Tracking Techniques
The Computer Science Department at Duke (at the time this work was first undertaken) had seven 802.11 base stations, four on one subnet and three on another, as shown in ) running on an IBM ThinkPad Notebook, equipped with a Cabletron Roamabout wireless card was the software/hardware combination that was used to simulate the behavior of the handheld carried by the user. In order to obtain signal strengths from multiple wireless base stations within range, which is crucial to our technique of location tracking, the wireless utility, Wireless Tools [14] was used.
Location detection with Uhuru involves two stages. The Off Line Phase involves the user manually informing the program of his/her location within the building by clicking on a map. The coordinates ( corresponding to the floor and (© , )) of the map position thus clicked as well as the signal strengths from all the wireless base stations within range of that point are then recorded by the program for comparison in the Real Phase. A GUI written in Java has been employed for ease on the part of the user to inform the location.
Since the human body can be a significant obstruction to signal strengths when in the near vicinity of the mobile antenna, these sets of readings were repeated over all four directions, north, south, east and west.
In the Real Phase, Uhuru proceeds to guess the location of the user, as he/she moves around in the building with the laptop. This is done in the following manner: At any given point in time during the Real Phase, Uhuru obtains signal strength values and the corresponding MAC addresses of the base stations within range. It then does a simple table lookup against the database of signal strength values and physical locations that it has built during the Off Line Phase and reports the physical location corresponding to the best match. The lookup is done by computing the Euclidean Distances in Signal Space [1] This scheme is similar to the one adopted by [1] for their software called RADAR. However, while RADAR calculated position on a central server, Uhuru determines and displays the location thus estimated on the handheld carried by the user. This does away with privacy concerns since location is directly computed on the user side. 
A. . History Monitoring Algorithm
In order to improve the accuracy of the location tracking system, we devised and implemented a History Monitoring Algorithm. This algorithm is based upon the premise that the mobile user cannot switch from one set of coordinates on the physical space to another totally arbitrary location, from one instant of time to the next. We maintain a graph of the building, wherein the vertices represent locations where signal strength readings were taken in the Off Line Phase and the edges model possible transition paths from one such location to another.
Rather than report the physical location corresponding to the best signal strength match as obtained from our table lookup with the naive implementation, we maintain a list of the closest signal strength matches and look up, starting with the one corresponding to the best, the respective physical locations, against a window corresponding to the ¡ nearest neighbors of the previous reported physical point. Thus if the best value as obtained from the table lookup leads to a physical location that is not one of the ¡ nearest neighbors of the previously reported physical location, we look up the second nearest in signal space and so on. Our naive implementation described earlier is obviously an implementation of our History Monitoring algorithm with an A problem with this implementation is that it depends heavily upon the very first location reported, which is unable to benefit from previous readings. We therefore average a higher number of readings (¦ @ ¥ in our case, the same number of readings per location and orientation that we used in the Off Line Phase) when doing our table lookup to obtain higher confidence levels in our starting position. Additionally, we keep track of the locations corresponding to the best and next best signal strength matches from our first reading and see whether subsequent signal strength readings report positions that lie within the ¡ nearest neighbors of these. In case we do not find any of the nearest neighbors within our window of ¡ physical values from the best or next best initial reading, we discard the corresponding reading.
B. . Modified History Monitoring Algorithm
As noted earlier, the correctness of the first location reported by Uhuru is critical to the performance of the History Monitoring Algorithm. In addition, the algorithm tends to fail if momentary jitter (caused by say, the movement of people) in recorded signal strength leads to the search window being shifted to the wrong portion of the signal strength space.
In order to remedy this problem, we added a technique of 'Restarts' to the algorithm, which we explain below.
With this modified algorithm, we continually monitor the number of times in succession that none of the physical locations corresponding to the best signal strength matches falls in the list of ¡ nearest neighbors of the last known physical location. If this number exceeds a certain threshold, this very likely means that the program has gotten 'stuck' in a certain portion of the physical space. We consequently throw away the accumulated history and do a 'restart' of the algorithm.
C. . 'Survivability'
Our experience with the design and experiments conducted on Uhuru led us to conclude that accuracy should not be the sole criterion when assessing a Location Tracking program that depends upon anything more than current sensor inputs. It is not just enough to report the correct location, but also to be able to 'survive' on being faced with ambiguous input. We now proceed to formally define the metric of 'Survivability'.
'Survivability' is the average number of meters, the system is able to track user location within the constraining space, before getting 'stuck'.
The constraining space refers to the region of the physical space that the search algorithm restricts itself to. For instance, the History Monitoring Algorithm constrains its search to only the physical locations comprising the ¡ nearest neighbors in physical space of the last reported point.
Being 'stuck' is when a walk made in any direction other than towards the location reported leads to overall degradation of the median reported accuracy.
The performance of the different algorithms with this metric as well as other results are discussed in Section IV.
IV. . Results
We explored the performance of the three algorithms-the Naive Algorithm, the History Monitoring Algorithm and the Modified History Monitoring Algorithm using two parameters: Accuracy and Survivability. Accuracy was further measured for two types of user behavior: stationary and mobile.
We first proceeded to obtain the accuracy of location information reported by all three versions of Uhuru for stationary users. We selected twenty points and one of eight directions for each location-north, south, east, west, north-east, southeast, north-west and south-west, at random on each floor in the physical space where we had obtained our Off Line Phase readings and ran Uhuru to output the physical location. To capture the benefits of the modified History Monitoring Algorithm, we ran the program for two seconds at each location, logging the reported location four times every second. Fig 2 shows the results of this experiment. Since the version of Uhuru implementing the History Monitoring Algorithm reported similar accuracy to that of the modified algorithm for the stationary user, we present results from only the latter.
The accuracy of location information for mobile users was computed in the following manner: We performed ten walks of ¦ @ ¥ @ C each, from randomly chosen starting points within the corridors of the building. Uhuru was modified to write out tuples of the location information that it obtained as well as the time, five times every second. Assuming that we proceeded at uniform velocity, this methodology would permit us to calculate the accuracy of the program for a mobile user.
In order to compare the Survivability metric, we chose to perform ten walks, again starting from randomly chosen points within the building corridors, for both the History Monitoring Algorithm and the modified version. The same walk (length of path was ¦ D ¥ @ C ) was chosen for both algorithms. Table I We also explored the effect of and ¡ of our modified History Monitoring Algorithm on the accuracy obtained with Uhuru's location detection scheme. Intuitively, ¡ , our nearest neighbor lookup, has to be large enough to at least permit the adjacency list of all the locations corresponding to each reported best signal strength to be expanded. We found that an ¡ of 8 ¦ gave us highest accuracy with a value of 9 (Fig 3) .
Varying the value of did not make too much of a difference beyond
9
. This was expected since a dump of the physical locations corresponding to the best matches almost always threw up a point near the last reported history location inside the 9 best signal strength readings. These results are detailed in Fig 3. We found that all of our readings, taken with a walk of the various floors of the buildings reported a median error within ¦ £I 8 P C of the actual location. 
V. . Heuristic for Placement of Base Stations
Given the infrastructural cost associated with deploying base stations, it would be good to have a heuristic for the actual placement of base stations within a building.
We therefore devised and investigated a simple heuristic for the placement of base stations.
For simplicity, we start off with the case of a hollow rectangular building with three floors. Assume that we have a fixed number of wireless base stations that we would like to deploy optimally inside the building. 'Optimal deployment' would mean placement such that the measured signal strength tuples at different locations are widely scattered in the signal space, so that there is minimal possibility for signal strength jitter to cause the wrong physical location to be reported by Uhuru.
There is a fair amount of signal propagation model research literature that describes path loss for indoor wireless communication. A model used in [12] indicates that the mean path loss increases exponentially with distance, i.e.
where # is the mean path loss at distance , the transmitter-receiver separation distance and # is a reference distance.
The model in (1) predicts that two points equidistant from the same base station would record identical signal strengths from that particular base station. and that distance influences signal strength more when a point is closer to a base station than when it is farther away. This means that in a three-floor building, assuming we have a total of base stations to be deployed, the majority of the base stations, say ¦ , should be placed on the second floor. Let us deploy these base stations randomly on the second floor so that the minimum distance between any two base station locations, ¡ ¢ £ # is ¤ . Now it is known that the best packing of circles in two dimensions is the 'hexagonal lattice' packing of circles, each touching six others [13] . Therefore, doing a hexagonal lattice packing of circles of radius ¤ ¦ within the floor area, the centers of the circles representing base stations, shall enable at least as many base stations to be accommodated as with our random packing. In case the number of base stations that were accomodated using the lattice packing is more than The model based on real world studies used in [12] suggests that measured signal strengths are greatly attenuated when the transmitting base station and the receiver are separated by more than two floors in a building. Thus a building with an arbitrary number of floors can be viewed as being built up of independent blocks of three or four floors.
This arrangement of base stations is in no way detrimental to the Coverage Problem which needs to be addressed while laying out the same stations for the purposes of network coverage. The Coverage Problem deals with finding the optimum placement of wireless infrastructure, such that the total number of base stations is minimized while maintaining a prescribed Quality-of-Service in the entire coverage area.
The studies conducted by [15] on deploying wireless Access Points (APs) shows that their positioning algorithm vis-a-vis a Regular Installation (where APs were set up in the center of a cell, which was obtained by subdividing the service area into equal-sized rectangles) is relatively uncritical at the lower end of the frequency spectrum (9 GHz) that they had used in their experiments. Now, [4] cites the result that 'no arrangement of circles can cover a plane more efficiently than the hexagonal lattice packing', which implies that this arrangement is better than the regular installation that was studied. Now since the base stations compliant with 802.11 specifications are in the ¦ ¤ £ § 9
GHz ISM frequency range, we do not see our placement technique for location tracking to be at odds with that for network coverage.
VI. . Conclusions and Future Work
This paper describes the functionality and implementation of Uhuru, an in-building location detection scheme.
The contributions of our work are:
¢
We provide proof of concept of using RF to provide location information on multiple floors of a building,
We outline a simple heuristic regarding the actual placement of base stations within a building. As future work, we would like to expand upon the model for placement of base stations that we have provided so as to incorporate the effects of moveable and immoveable partitions as in a real life scenario. Furthermore, we would like to obtain quantifiable data on the improvements delivered by our heuristic for base station placement over the current placement of base stations within the Duke Computer Science Department.
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